improved spectral resolution in the 68 adult CI recipients studied to date. Our results indicate that image guidance can improve hearing outcomes for many existing CI recipients without requiring additional surgery or the use of 'experimental' stimulation strategies, hardware or software.
Introduction
Cochlear implants (CIs) are surgically implanted neural prosthetic devices used to treat severe-to-profound hearing loss [NIDCD, 2011] . To date, the CI has arguably been the most successful neural prosthesis. CIs use implanted electrodes to stimulate spiral ganglion (SG) nerves to induce hearing sensation ( fig. 1 a, b) . Implants available today yield remarkable results for the vast majority of recipients with average postoperative word and sentence recognition approximating 60 and 70% correct, respectively, for unilaterally implanted recipients and 70 and 80% correct for bilateral recipients [Buss et al., 2008; Dorman et al., 2009; Gifford et al., 2008; Gifford et al. , 2014a; Litovsky et al., 2006] . Despite this success, a significant number of users receive marginal benefit, and restoration to normal fidelity is rare even among the best performers. This is due, in part, to several well-known is-sues with electrical stimulation that prevent CIs from accurately simulating natural acoustic hearing. Electrode interaction is an example of one such issue that, despite significant improvements made by advances in hardware and signal processing, remains challenging [Boex et al., 2003; Fu and Nogaki, 2005] . In natural hearing, a nerve pathway is activated when the characteristic frequency (CF) associated with that pathway is present in the incoming sound. Neural pathways are tonotopically ordered by decreasing CF along the length of the cochlear duct, and this finely tuned spatial organization is well known ( fig. 1 c) [Stakhovskaya et al., 2007] . CI electrode arrays are designed such that each electrode should stimulate nerve pathways corresponding to a predefined spectral bandwidth [Wilson and Dorman, 2008] . However, in surgery, the array is blindly threaded into the cochlea with its insertion path guided only by the walls of the spiralshaped intracochlear cavities. Since the final positions of the electrodes are generally unknown, the only option when programming has been to assume the electrodes are situated in the correct scala with a relatively uniform electrode-to-neuron interface across the array. Given this assumption, most implant recipients are programmed using a default frequency allocation table delivered across as many viable intracochlear electrodes as possible. Research has demonstrated, however, that many implanted arrays are not in the correct scala throughout the entire insertion depth Holden et al., 2013; Skinner et al., 2007; Wanna et al., 2011] , thus challenging the assumptions underlying a one-size-fits-all strategy.
Programming efficacy is sensitive to suboptimal electrode positioning [Rubenstein, 2004; Wilson and Dorman, 2008] , which can lead to excessive spread of intracochlear electric current, and this is more commonly referred to as 'channel interaction' [Boex et al., 2003; Fu and Nogaki, 2005] . Thus, it follows that more effective implant programming could result from consideration of individualized electrode position. This is particularly true if we are able to reduce or eliminate the deleterious effects of channel interaction, which most notably includes poor spectral resolution. Spectral resolution is associated with peripheral filtering achieved via both the bank of overlapping auditory filters positioned along the basilar membrane as well as the tonotopic organization of SG neurons located within the modiolus. Impaired spectral resolution is known to result in significantly poorer speech recognition -particularly in background noise, as it results in a 'smearing' of the speech and noise spectra [e.g. Baer and Moore, 1994; Moore and Glasberg, 1993; Moore et al., 1995] . CI recipients are known to have poor spectral resolution Turner, 2003, 2005; Litvak et al., 2007; Saoji and Eddins, 2007; Saoji et al., 2009; al. , 2011] . This is generally attributed to a number of factors, including that there is a discrete number of intracochlear electrodes, which limits the number of independent neural populations that can be stimulated [e.g. Friesen et al., 2001] ; the population of surviving SG cells is unknown, and electric current spreads widely in the cochlea (i.e. channel interaction). We have recently introduced image processing techniques that make it possible, for the first time, to estimate the position of implanted CI electrodes relative to the SG nerves they stimulate in computed tomography (CT) images [Noble et al., 2012] . Work from many other groups over the past decade has paved the way for in vivo electrode position analysis motivated by the importance of electrode location relative to the SG. For example, work has aimed to predict electrode insertion depth based on external cochlear dimensions such as basal turn diameter [Stakhovskaya et al., 2007] or the distance from the lateral wall to the round window [Escude et al., 2006] . Other groups have presented approaches for postoperatively imaging the location of implanted electrode arrays. For example, Aschendorff et al. [2005] and Verbist et al. [2005] optimized imaging protocols to permit better visualization of the electrodes in vivo. However, these techniques are still limited in that intracochlear structures are not well contrasted in CT, and the metallic electrodes further degrade tissue contrast due to image artifacts. Skinner et al. [2007] proposed an approach where intracochlear anatomy can be estimated in vivo in pre-and postimplantation CTs by rigidly aligning them with a high-resolution histological atlas of a specimen. The limitations of this approach are that it requires time and expertise to manually register the datasets, and it does not account for nonrigid variations in intracochlear anatomy. Our approach is semi-automatic, accurately estimates patient-specific intracochlear anatomy shape, and permits determining the location of the electrodes relative to intracochlear structures. This approach allows us to identify electrodes that provide overlapping stimulation patterns and to deactivate them from a patient's map [Noble et al., 2013] . In this article, we present results of experiments testing how this image-guided, patient-customized approach to stimulation, which we have termed image-guided cochlear implant programming (IGCIP), affects outcomes. Given that our current IGCIP approach is to deactivate electrodes thought to be causing overlapping electrical excitation, the overarching hypothesis driving this research is that our IGCIP strategy would reduce channel interaction, thereby improving spectral resolution. Should this strategy be effective at improving spectral resolution, we hypothesize that this would lead to corollary improvements in speech recognition, particularly in the presence of noise, and would further improve subjective perceptions of speech understanding abilities and overall sound quality.
The IGCIP methodology was originally proposed in Noble et al. [2013] . That publication also presents results from preliminary tests with 11 subjects. The principal contribution of this article is the reporting of results of an expanded clinical study with 68 new subjects. With this more substantial dataset, it is now possible to draw stronger conclusions from statistical analysis about how IGCIP strategies affect hearing performance.
Materials and Methods
In the following sections, we first present our approach for visualizing and analyzing the spatial relationship between the electrodes and the SG to facilitate the design of IGCIP strategies. Next, we introduce our proposed IGCIP strategy that uses this subjectspecific spatial information to reduce interaction of electrode stimulation patterns. Finally, we present details about our experimental design.
Electrode Position Analysis
We use the image processing techniques we have recently presented to detect the position of the implanted electrodes relative to the SG nerves [Noble et al., 2013] . These techniques are designed to detect electrode position using pre-and postimplantation CT scans. An example result of this process for one of our study subjects is shown in figure 1 d. As can be seen, our software permits identifying the location of each contact in the array relative to the tonotopically mapped modiolus. Also shown are synthetically generated colored 'stimulation fields' that show how the neural stimulation patterns from each electrode might be shaped and how they overlap among neighboring electrodes. Analysis of the spatial relationship between the electrodes and the SG is necessary to extract programming-relevant information. Thus, to support the design of new image-guided programming strategies, we rely on a technique we developed in Noble et al. [2013] for visualizing programming-relevant spatial information that we call electrode distance-versus-frequency (DVF) curves. DVF curves are shown in figure 1 e for one of our study subjects whose electrode positions are shown in figure 1 d. In the plot, a DVF curve for each of the 16 electrodes is shown and colored similarly to the corresponding simulated current pattern shown in figure 1 d. The x-axis corresponds to CF of the SG in log-scale and the y-axis corresponds to the distance to the SG in millimeters. Each DVF curve shows the distance from the respective electrode to the closest regions of the SG, organized by CF. Each curve takes on a roughly parabolic shape with a minimum corresponding to the electrode's closest SG nerves (shown with a circle in the plot) and with tails that increase in distance for adjacent nerve groups that are further from the electrode. Given the nature of the spread of electrical current through tissue, the shape of each electrode's excitation pattern on the SG is inversely related to its distance from the SG neural populations. This is supported by electrical modeling simulations [Whiten, 2007] as well as the pitch discrimination tests commonly performed clinically with CIs that show that electrodes that are closer to more apical SG regions generally create lower perceived pitches [Donaldson et al., 2005] . Thus, using the DVF curves, not only is it easy to infer the region of the SG that a specific electrode will best stimulate (e.g. the nerve pathways with CFs around 10 kHz are closest to electrode 13), but also it is easy to detect when two electrodes stimulate the same region. For instance, a substantial portion of the DVF curve for electrode 7 falls above the DVF curve for electrode 8, which suggests that if both electrodes are active, they will both stimulate many of the same neural populations, and hence create channel interaction.
Image-Guided Programming Strategy
Since its introduction, continuous interleaved sampling (CIS) [Wilson et al., 1991] has been widely adopted, and all CI manufacturers today use CIS-based strategies [Rubenstein, 2004] . CIS uses nonsimultaneous, interleaved pulses to decrease cross-electrode electric field channel interactions; however, this is implemented without precise knowledge of the relative location of the neural pathways and the electrodes. By integrating spatial information provided by our image-processing techniques, we can extend this concept to decrease electrode interactions at the neural level, i.e. reduce the cross-electrode neural stimulation site overlap. In our experiments, the reprogramming strategy is straightforward. We deactivate electrodes that are likely to cause stimulation overlap. One approach to reduce competing stimulation without image guidance would be to drastically reduce the number of active electrodes, e.g. with only 1 active electrode, there would be no competition. However, the tradeoff with reducing the number of active electrodes is that this reduces the already very limited number of spectral channels, further compressing the frequency spectrum. Thus, blindly deactivating enough electrodes to ensure reduced competition risks deactivating potentially useful electrodes, i.e. those with stimulation regions that have little competition, and this would also result in suboptimal signal quality. With our approach, we assume that each electrode best stimulates SG sites that are closest to it (we call this the peak activation region), and we hypothesize that a better electrode configuration is one that consists of as many active electrodes as possible under the constraint that they all receive relatively little competition in their peak activation region. This approach allows for stimulation overlap at SG sites between electrodes, which is inevitable with a nontrivial number of electrodes, while ensuring that there is a subset of nerves that each electrode stimulates somewhat independently. Thus, we chose to keep active a maximal subset of electrodes that have DVF curves that do not substantially overlap around their minima. For the subject whose DVF curves are shown in figure 1 e, we chose to keep active electrodes 1, 3, 5, 8, 10, 11, 12, 13 , and 14, resulting in the DVF plot shown in figure 1 f. As can be seen in the plot, each DVF curve with this reduced set of electrodes has a concave segment around its minimum that is closer to the SG than any other electrode, which indicates that more independent stimulation patterns are achieved than with the traditional all-electrodes-on strategy. Conveniently, this approach does not conflict with existing signal processing strategies, and thus reprogramming does not require major processing changes.
In our experiments, after identified electrodes are deactivated, the sound spectrum is remapped to the remaining active electrodes and the stimulation speed adjusted to account for the deactivated electrodes using the CI manufacturer's clinical software. The following section details our experimental design. Participants  Table 1 summarizes details about the study participants. Imageguided programming was completed for 72 ears in 68 postlingually deafened CI users (22 bilateral and 46 unilateral). Prior to this study, each of these subjects had undergone several iterations of traditional programming adjustments and was considered by an expert audiologist to have achieved a stable map and hence the best hearing performance possible using the traditional behavioral programming approach. The length of CI use among subjects ranged from 0.5 to 14.7 years with an average of 2.9 years. The right-hand columns of table 1 contain results that will be discussed below. Informed consent was obtained from each participant in accordance with the study protocols approved by the Vanderbilt Institutional Review Board.
Experimental Design

Experiment Summary
For each participant, a battery of hearing and speech recognition tests was administered in up to three listening conditions: listening in the bilateral, best-aided condition; listening with the implanted ear being remapped alone, and, if the contralateral ear is also implanted, listening with the other implanted ear alone to serve as a control. Following baseline testing, the participant's CI was reprogrammed according to our image-guided programming strategy. So that performance with a new program could be measured in a semi-chronic condition, each subject returned for postadjustment retesting 3-6 weeks following the reprogramming. During this 3-to 6-week period, each subject was asked to live as they normally would; however, they were only provided with the new map so as to require compliance with full-time use of the experimental map. The difference between post-and pre-reprogramming hearing test results was used to quantify the benefit of our image-guided strategy. For bilateral recipients, we completed the reprogramming experiment on the poorer performing ear. Subjects 2, 4, and 37 had preimplantation CT scans on both ears and were able to participate in the study for both CIs. For these subjects, we subsequently performed the experiment on the contralateral CI.
The assessment of speech recognition was accomplished with the adult Minimum Speech Test Battery (MSTB) for adult CI recipients in the US [MSTB, 2011] . Estimates of spectral resolution were obtained using a spectral modulation detection (SMD) task, which is a non-speech-based hearing performance metric that provides a psychoacoustic estimate of spectral resolution, i.e. the ability of the auditory system to decompose a complex spectral stimulus into its individual frequency components [Drennan et al., 2010 [Drennan et al., , 2014 Gifford et al., 2014b ; Henry and Turner, 2003; Saoji et al., 2009] .
Finally, to measure performance qualitatively, participants completed the Abbreviated Profile of Hearing Aid Benefit (APHAB [Cox and Alexander, 1995] ) as well as the Speech, Spatial and Qualities of Hearing Scale (SSQ [Gatehouse and Noble, 2004] ). All speech and non-speech stimuli were presented at a calibrated presentation level of 60 dBA using a single loudspeaker presented at 0° azimuth at a distance of 1 m.
For participants with Advanced Bionics (AB) implants, prior to deactivating the selected electrodes in the clinical software, we re- 405 moved Fidelity120 processing (i.e. current steering) to allow selective deactivation of electrodes without deleting a viable electrode in the 'pair'. For individuals making use of ClearVoice prior to study enrollment, removal of Fidelity120 required deactivation of ClearVoice as well. ClearVoice is described by AB as a signal or speech enhancement strategy. Though details of ClearVoice are guarded by proprietary restraint, it has been described as an algorithm designed to estimate the signal-to-noise ratio (SNR) level in each channel, and subsequently, for those channels in which noise and/ or poor SNR is identified, channel gain is reduced. We kept the stimulation strategy consistent with respect to paired or sequential stimulation. Further, pulse width was manipulated within ±7 ms to keep channel stimulation rate consistent with the participant's clinical map. In some cases, this required switching from automatic pulse width in the SoundWave software to manually determined pulse width. We were careful to ensure that the resultant channel stimulation rate was within 400 pps of the participant's beginning rate with Fidelity120. Stimulation rates for all AB recipients remained above 1,500 pps even after removing Fidelity120. For participants with MED-EL implants, we kept the participant's strategy consistent (high definition CIS or fine structure processing) and fixed the stimulation rate manually to that which was used in the patient's own map. All participants with Cochlear Corporation implants used an advanced combination encoder programming strategy. For these participants, after deactivating the selected electrodes, if the participant had 12 or fewer active electrodes in their map, we set the number of maxima equivalent to the number of active electrodes, thereby converting to a CIS program. For participants with more than 12 active electrodes in their experimental map, we kept the maxima consistent with what was used in the patient's own map which ranged from 8 to 12 maxima. Channel stimulation rate and pulse width were unaltered. For all implant recipients, regardless of implant manufacturer, manipulation of M/C or T levels of individual electrodes was not performed. For patients reporting significantly 'softer' or less frequently 'louder' programs following selective electrode deactivation, we would globally increase or decrease M/C levels to the participant's desired overall volume. Study data were collected and managed using the REDCap (Research Electronic Data Capture) secure data managements tools hosted at Vanderbilt [Harris et al., 2009 ].
Hearing Aid Verification
The hearing aid (HA) settings for the contralateral ear of unilaterally implanted participants with residual acoustic hearing in the nonimplanted ear were verified prior to each test session. HAs were verified for all subjects using probe microphone measurements to NAL-NL2 [Dillon, 2006; Keidser et al., 2011] target audibility for 60-dB sound pressure level speech. In cases where settings were undershooting NAL-NL2 target audibility, the participant's own HA was reprogrammed. In cases for which the participant's own HA was not adjustable due to either lack of reserve gain or incompatibility with NOAH programming software, a clinic stock HA was programmed and used for testing purposes. This occurred for 1 subject (No. 20) for which a Phonak Naida S V UP behind- For each participant, the following characteristics are presented: whether (yes) or not (no) they have bilateral CIs, age in years, MMSE score, and aided SII score. For each experiment, the following factors are presented: the adjusted ear: left (L) or right (R); length of prior use of the adjusted CI in years; the manufacturer of the adjusted CI: AB, Cochlear (CO), or MED-EL (ME); whether the subject elected to keep the experimental map (yes) or not (no); the number of electrodes that were deactivated in the clinical map, and the number of electrodes that were deactivated in the experimental map. the-ear HA was programmed, with SoundRecover deactivated, and affixed the participant's own fitted earmold. The aided speech intelligibility index (SII) values for 60-dB sound pressure level speech and the unaided low-frequency pure tone average (125, 250, and 500 Hz), in dB hearing level, are provided in table 1 for the 19 bimodal participants in the current study.
Speech Recognition Speech recognition was assessed as recommended by the revised MSTB [2011] for adult CI recipients. The MSTB outlines the administration of consonant-nucleus-consonant (CNC [Peterson and Lehiste, 1962] ) monosyllabic words and AzBio sentences [Spahr et al., 2012] in quiet and noise. In addition to CNC words and AzBio sentences, we also assessed speech recognition in pseudoadaptive noise with the Bamford-Kowal-Bench Speech-in-Noise (BKB-SIN [Bench et al., 1979; Etymotic Research, 2005; Killion et al., 2004] ) test. As compared to CNC and AzBio, which are scored in terms of percent correct, the BKB-SIN metric provides a score corresponding to the SNR at which the listener would achieve approximately 50% correct performance. This is reported as the SNR-50.
Participants scoring 50% or higher for AzBio sentences in quiet were also tested at +10 dB SNR using a continuous, multi-talker background noise. Similarly, participants scoring 50% or higher for AzBio sentences at +10 dB SNR were also tested at +5 dB SNR using the same continuous multi-talker babble. All speech tests were administered to each implanted ear independently as well as in the bilateral-aided condition whether that included bilateral implants (CI + CI) or bimodal hearing (CI + HA). For participants with bimodal hearing, the CI-only condition was assessed with the contralateral ear occluded via foam earplug.
Assessment of Spectral Resolution: SMD Spectral resolution was assessed via SMD. The quick SMD task [Gifford et al., 2014 b ] used in the current study included a 3-interval, forced-choice procedure to contrast flat-spectrum noises with spectrally modulated noises. Spectral modulation was achieved by applying logarithmically spaced, sinusoidal modulation to the broadband carrier stimulus. The carrier stimulus had a bandwidth of 125-5,600 Hz [Gifford et al., 2014 b ] . SMD was assessed in the current study using a procedure based on a modified method of constant stimuli [Fechner, 1966; Gescheider, 1997] . There were 6 trials presented for each of the 5 modulation depths (10, 11, 13, 14, and 16 dB) and frequency [0.5 and 1.0 cycle/octave (cyc/oct)] for a total of 60 trials. Each trial was scored as correct or incorrect and spectral resolution is described as the overall percent correct score for the task (chance = 1/3).
Perceived Hearing Handicap and Quality of Life
The APHAB provides a global estimate of the percentage of problems associated with listening in a variety of listening conditions and assesses aided benefit in 4 subscales including ease of communication, background noise, reverberation, and aversiveness. As such, lower scores on APHAB indicate fewer problems and better perceived benefit. The SSQ employs a visual analog scale which gauges hearing ability across listening domains including speech understanding in various listening conditions, spatial hearing associated with distance, movement and direction, and the overall quality of speech including clarity and naturalness of sound. Higher scores on this metric are correlated with better speech understanding, spatial hearing, and sound quality.
Screening for Cognitive Impairment
To enable detection of cognitive function-related effects, we administered the Mini-Mental State Examination (MMSE [Folstein et al., 1975] ) screening tool at the time of study enrollment. The MMSE is a validated screening tool of cognitive function and includes tests of orientation, attention, memory, language, and visual-spatial skills. It is generally accepted that MMSE scores under 25 indicate impaired cognition.
Results
In figure 2 , the box plots show the distributions across subjects of raw benefit computed as preadjustment scores subtracted from postadjustment scores. For each measure, benefit is shown for the adjusted ear alone (left box plot), bilateral (middle box plot), and control ear alone (right box plot) listening conditions. In each box plot, the short horizontal line indicates the median, the box indicates the 25th and 75th percentiles, red pluses indicate outliers, and the whiskers indicate the range of non-out- Fig. 2 . Box plots of the raw benefit between post-and preadjustment condition testing of each hearing performance measure. Shown are the median (red line) and the range of the 75th to 25th percentile, i.e. Q 3 to Q 1 (box). Whiskers extend to data points that lie within the range Q 3 + 1.5 ( Q 3 -Q 1 ) to Q 1 -1.5 ( Q 3 -Q 1 ). Outlier points that lie beyond the whiskers are shown as red pluses. Below each plot, a green 'W' indicates that the measure is statistically significant. Also shown is the dataset size ( N ). For each measure, benefit is shown for the adjusted ear alone (blue, left box plot), bilateral (green, middle box plot), and control ear alone (magenta, right box plot) listening conditions. (Colors refer to the online version only.) lier data. Below each box plot, the number of scores in the dataset ( N ) is shown, and scores that are statistically significant as measured by the two-tailed Wilcoxon signed-rank test [Wilcoxon, 1945] at p < 0.05 are indicated with a green 'W'. The dataset size, N , differs from plot to plot since test materials were not returned by some participants and not all measures were tested for every subject. The BKB-SIN measure is scored in terms of dB, and units for benefit in dB for this measure are shown on the right. The remaining measures (CNC and AzBio) are scored in terms of percent correct, and these units are shown on the left. As seen in the figures, results of the pre-and postadjustment tests performed on the unadjusted control ear alone show, on average, little change. In contrast, the group average test results in the adjusted and bilateral conditions for several measures of speech in noise improved substantially, and improvements in several measures of hearing performance were statistically significant. Measures scored in percent correct are sensitive to range saturation effects when scores are closer to 0 or 100%. When viewing raw benefit alone, range saturation effects can confound significant decline or improvement, especially in the bilateral listening condition where many participants already have relatively high scores with use of the contralateral ear. Thus, in figure 3 , we show the same data for these measures in terms of percent benefit rather than raw benefit to account for ceiling and floor effects. Percent benefit is computed by normalizing the benefit or decline in each score with respect to the maximum possible benefit or decline. Thus, in this group, scores of 100%, 0%, and -100% represent a change from the preadjustment score to 100% correct, the same score, and 0% correct, respectively. We detected significant percent benefit for all quantitative measures of speech recognition in quiet and noise when tested in the bilateral condition. In contrast, we detected significant raw benefit as shown in figure 2 in the bilateral condition only for measures of speech in noise. This highlights the potential confound of benefit compression due to ceiling effects that occurs for the tests in quiet that are relatively easier and where raw pre-remapping scores are generally higher. Improvement in raw benefit for 3 of 5 measures when testing with the remapped ear alone are statistically significant, and improvement in percent benefit for 3 of 4 measures when testing in the same listening condition are also statistically significant. Mean SMD scores are plotted in figure 4 . SMD scores are shown, in percent correct, for each of the 5 spectral modulation depths (in dB) as well as the mean across all depths for 0.5 and 1.0 cyc/oct for the remapped ear alone.
A two-way, repeated measures analysis of variance was completed with modulation depth and time point (prevs. postadjustment) as the independent variables and the SMD score as the dependent variable. For 0.5 cyc/oct, statistical analysis revealed a significant effect of modulation depth [F (4, 65) = 49.9, p < 0.001], a significant effect of time point [F (4, 65) = 6.53, p = 0.013], and an interaction [F (4, 65) = 3.9, p = 0.004]. Post hoc testing using an all pairwise multiple comparison procedure (Holm-Sidak method) revealed a significant effect of time point for the two shallowest modulation depths of 10 dB (t = 2.5, p = 0.013) and 11 dB (t = 3.9, p < 0.001). For 1.0 cyc/oct, statistical analysis revealed a significant effect of modulation depth [F (4, 65) = 44.2, p < 0.001], no effect of time point [F (4, 65) = 0.48, p = 0.49], and yet a significant interaction [F (4, 65) = 2.6, p = 0.037]. Post hoc testing using an all pairwise multiple comparison procedure (Holm-Sidak method) revealed a significant effect of time point for the shallowest modulation depth of 10 dB (t = 2.6, p = 0.01). Significant improvement in SMD is itself a substantial finding, as few developments in strategy in the past 20 years have been shown to significantly improve spectral resolution for CI recipients [Drennan et al., 2010] . More noteworthy is that the improvement in SMD was observed for the most shallow modulation depths (10 and 11 dB) which are the most challenging conditions with respect to spectral envelope perception. Benefit in qualitative metrics (APHAB and SSQ) is shown in figure 5 . Improvements in 5 of 7 individual components to these tests were statistically significant as were overall scores, indicating significant subjective preference to the experimental map on average.
Results for the adjusted ear of each subject are also shown as line plots in figure 6 and are color-coded by hearing test (Colors refer to the online version only). The left and right endpoints of each line plot indicate the pre-and post-remapping scores for the corresponding measure. Lines with positive slope indicate scores that improved from pre-to postadjustment. While some participants experienced decreases in hearing performance scores, the majority (64%) of the line slopes are positive. Using critical difference tables generated for the CNC words [Thornton and Raffin, 1978] and AzBio sentences [Spahr et al., 2012] employing a binomial distribution statistic for individual speech perception metrics, we can detect significant differences between pre-and postadjustment scores on an individual basis for these measures. Further, for the BKB-SIN measure, Etymotic Research has published the critical difference value for adult CI recipients tested with 1 list pair being 4.4 dB based on the 95% confidence interval. Below the plots, scores that significantly improve and decline are indicated with green stars and blue circles. Measures that were not tested are indicated by a black 'x'. There were statistically significant improvements at the individual level in 1 or more measures for 39 of 72 ears.
The right columns of table 1 indicate, for each experiment, whether the subject kept the experimental map and 409 the subject's MMSE and aided SII scores. The far right column shows the number of electrodes that were deactivated clinically, prior to this study, and the number of electrodes that our experimental techniques recommended for deactivation. As seen in table 1 , participants requested changes or did not elect to keep their experimental maps for only 16 out of 72 ears (22%). The remaining participants/ears (78%) elected to keep the experimental maps with many strongly opposed to returning to their old maps. Many subjects who did not exhibit an individually significant benefit for speech or SMD testing reported improved sound quality and this is reflected here in the 78% rate of experimental map retention. Comments from individuals who participated in this study immediately after reprogramming and at the end of the study are included as online supplementary tables 1 and 2 (for all online suppl. material, see www.karger.com/doi/10.1159/000365273).
Discussion
The results of our image-guided CI programming tests show that our approach leads to significantly improved speech recognition, spectral resolution, and subjective hearing quality, and thus could improve hearing quality of life for many CI recipients. Statistically significant improvement was noted for the majority of the quantitative metrics tested. For the best-aided, bilateral condition, statistically significant raw improvement was noted for metrics that include noise, and statistically significant percent improvement was noted for all metrics. We believe this difference is due to the fact that improvements in metrics that are measured in quiet are masked in the raw scores due to range saturation effects for many of the subjects because they already had relatively high scores with the use of their better performing contralateral ear. The quality of overall change is best reflected in the APHAB and SSQ scores. Improvement in performance in background noise is especially significant considering that speech recognition in noise is one of the most common problems even among the best performing CI users [Fu and Nogaki, 2005] . It is also of note that these results generally agree with the preliminary results reported in Noble et al. [2013] , suggesting that results with our technique hold and are determined to be statistically significant when applied to a larger, relatively heterogeneous population.
Changes to hearing performance when electrodes are deactivated has been studied by other groups. For example, some groups have experimented with deactivating different numbers of electrodes in regular patterns and found little effect on average speech recognition as long as more than 4-8 electrodes are active [Friesen et al., 2001; Garnham et al., 2002] . Another study used electrode deactivation as a means to validate a psychophysical [Garadat et al., 2012] . In another study, electrodes were deactivated based on an electrode pitch discrimination criterion leading to improvement in speech recognition for the majority of subjects in that 11 subject study [Zwolan et al., 1997] . This indicates it may be possible to use psychophysical measures to replicate our approach for selecting electrodes to deactivate. However, unlike most psychophysical metrics that require additional clinical testing and rely on subjective patient feedback, our image-guidance techniques do not require additional clinical time and are entirely objective.
Since the reprogramming strategy we use only requires deactivating electrodes, it is simple to integrate with existing sound processing strategies, such as CIS, using the existing clinical software provided by CI manufacturers. Typically, when changes to a program are made, quantitative and qualitative hearing scores tend to favor the original program [Tyler et al., 1986] . Thus, it is remarkable that the majority of the subjects in our experiments noted substantial improvement in sound quality immediately after reprogramming, and these improvements are reflected in our quantitative results. It is likely that long-term experience with the new program will result in further improvements in hearing performance. According to the National Institute on Deafness and Other Communication Disorders, over 200,000 people have received CIs as of 2010 [ NIDCD, 2011] . We hypothesize that our electrode deactivation strategy could improve hearing in many of these CI users, thus improving their communication abilities and hearing-related quality of life, without requiring additional surgical procedures. Our results show that our personalized IGCIP approach to programming can improve spectral resolution and speech recognition in quiet and noise. However, the electrode deactivation strategy we present exploits only a small fraction of the programming-relevant information captured by our image processing and analysis techniques. Thus, we believe that the strategy tested in this study is just the first of many new and significant IGCIP stimulation strategies that will be developed now that analysis of the spatial relationship between electrodes and stimulation targets is possible.
